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There is also a random temperature field T in the flow; T varies between constant values of 0.0 and 1.0 on the sides of the wake. 1 . The intermittent zone. Lt, tt, yt and L_ are sketched roughly to scale. Vertical lines at left typify data selected for y-direction conditional averaging relative to detection points (o) on the vorticity surface; data at a particular displacement y -yt from the surface, e.g. (X), are averaged to form one point in the conditional average of any quantity, e.g. (U)(y -yt).
Introduction
Both naturally and artificially occurring types of turbulence tend to be generated locally wherever the flow is most unstable, and are therefore quite inhomogeneous and intermittent in general, as for example in wakes, boundary layers and thermal convection.
In the first two of these types of flow there are intermittent zones between the regions of turbulent motion and the adjacent regions where no turbulence is being generated and where its amplitude is negligible. Similar intermittent regions are found within fully developed turbulent flows, as in the third example, because there are local regions of high intensity turbulence next to those of much lower intensity (e.g. Monin & Yaglom 1971 , Townsend 1976 ). Most of these intermittent zones have similar characteristic features.
Firstly, the intermittent zone (see Figure  1 ) is intersected by a thin, generally continuous, randomly moving interface whose displacements Lt are of the order of the integral scale Lx of the velocity fluctuations in the turbulent region. The surface of the interface is in general 'fractal' (Sreenivasan & Meneveau 1986 ) with a range of approximately independent scales, whose width depends on the value of the Reynolds number. Most of the interface surface is continuous because any lumps that break away are soon reabsorbed (e.g. Hussain & Clark 1981). On the turbulent side of the interface the vorticity w is non-zero, whereas on the other, non-turbulent, side it is negligible. The interface tends to be a strong vortex sheet for a wake, but may not be for some other flows (Townsend 1976 (Carruthers & Hunt 1986) .
Fourthly, as a result of the inhomogeneous distribution of vorticity, the average displacement of the interface moves towards the non-turbulent region at average entrainment speeds Eb, relative to the local mean velocity field, and Eb, in fixed coordinates (e.g. Turner 1986 ). If, in the turbulent region, the mean velocity parallel to the interface significantly differs from that in the non-turbulent region as in a planar mixing layer, the thickness of the turbulent region increases so that there has to be a net entrainment velocity Ev normal to the interface. Then the net boundary entrainment velocity in fixed coordinates is Eb = (Eb -Ev).
In many laboratory experiments a velocity probe has been placed at the edge of a turbulent flow, where its output switches back and forth abruptly between a fully turbulent signal and one that is essentially non-turbulent. As described by Corrsin & Kistler (1955) , this observation was first understood in terms of a sharp convoluted boundary by Corrsin (1943) . Townsend (1948, 1949) quantified this behaviour in terms of an intermittency factor % defined as the proportion of time for which the velocity signal is turbulent.
As noted above, irrotational velocity fluctuations are usually found in the nonturbulent flow outside the boundary, and the boundary marks not an absence of velocity fluctuations but a change in the character of the fluctuations from vortical to irrotational. 
One asks whether these conditional profiles are similar for most kinds of random interface.
The idealized theory of Phillips (1955) and Carruthers & Hunt (1986) Contours of w were plotted in several (x,y) and (z,y) planes, and it was found that the contour w = 0.7Uo/b best delineated vortical regions in the unforced wake. Contours below this level spread out into the free stream in a disorganized fashion; contours above this level tend to fall at very similar positions along the wake edge but also outline many small low-w regions throughout the wake interior. Examples of contours at this level in (x, y) and (z, y) planes are shown in Figure  2 . Peak w levels are of order 100 times higher, and the centreplane mean is ten times higher. After inspection of many such contours, C'_ = 0.7Uo/b was chosen as the detection threshold level in the unforced wake. The same detection level in calculation units was used for the forced wake, although its normalized level (C,, = 1.2Uo/b) is greater (see Figure 2 for contours at this level). Too much numerical noise in the free stream was detected at the lower normalized level.
Note that the normalized centreplane mean vorticity is also greater for the forced case (e.g. Figure 5 ). the variance (u 2) = ((U-(U))2), but in certain cases a comparison is made with the conditionally averaged fluctuation relative to the conventional mean, e.g. (u 2) = ((U -_)2)
--such cases are pointed out where they occur.
Selection of interface groups
There is no reason to assume that properties should be similar everywhere on the interface, so a number of interface detection criteria were applied along with the basic vorticity threshold in order to select interface subsets that are similar in given ways. in the ix-direction were obtained and joined by a line; the process was then repeated for adjacent detections in the 5=z-direction. Both lines were required to make an angle of at least 65°to the y-direction in order for the detection to be accepted. An equivalent description is to say that both the streamwise and spanwise angular errors of the accepted surfaces are within 4-25°. When finding detection points for averaging along the x (or z) directions, not only was the surface angle criterion applied, but a detection was accepted only if w was below the threshold C_ for an x distance (or z distance) of at least 0.1b and then above it for at least the same distance, which avoided detections of numerical noise while allowing for up to sixteen or so detections along a given line. 
Results

Surface detection level
Vorticity magnitude (w) conditionally averaged in the y direction for three values of the threshold C_ (and surface normal angular errors _< 25°) is shown in Figure 3 (unforced wake). For the standard C_ value (the lowest shown), the proportion of surface area included from each side of the wake, when projected onto the centreplane, is about 26% of centreplane area. In all cases (w) is almost constant at the same value in the middle part of the wake, and there is a very sharp gradient down through the detection level. There is no restriction on the steepness of this gradient made by the detection process --it only has to be negative. The gradient becomes even steeper with increasing C_, but detection points then start to concentrate on locally intense patches of vorticity, reducing the proportion of data accepted and producing sharp peaks in (w). More significantly, excessive amounts of vortical fluid leak into the irrotational region when C_ is large. At lower levels of C_ than shown, numerical noise is detected too often, and irrotational fluid leaks into the vortical region.
Statistics of vorticity surface height
As noted above, the vorticity surface is not identical with the turbulent/non-turbulent interface --it is only the outer boundary of the interface --but statistics of surface height above the wake centreplane are a good indicator of interface positions.
The surface angle criterion is not used here, so coverage of the projected area is 100% in both the forced and unforced wakes. Re-entrant regions are included, counting both the downcrossing and second upcrossing of the w threshold, and simultaneous intrusions of irrotational fluid from both sides of the wake are allowed for. Since irrotational fluid can cross the wake centreplane (especially in the forced wake), the value of the scalar in re-entrant regions is checked to determine which side of the wake the fluid came from. Figure 2 . The dominant streamwise scale for height fluctuations in the unforced wake is about 3.4b, which is determined from the peak in the correlation curve shown in Figure 4 (b). This value agrees very well with the scale of organized motion outside a far-wake implied by Figure 4 of Antonia, Shah & Browne (1987) , bearing in mind their definition of length scale L = b/2. That figure also shows that the dominant scale is considerably larger outside the wake than within the turbulent zones, which appears to be the case here too. For the present results in Figure 4( 
FIGURE 5. Cumulative probability of interface height (--) compared to mean vorticity magnitude (--) in the forced (upper curves) and unforced (lower curves) wakes. The two PCUM axes are scaled so that the respective curves match at the centreplane. the wake's convoluted bounding surface. Following equation
The validity of this assumption can be checked by comparing _ with the intermittency distribution (rescaled by a suitable constant), as shown in Figure 5 . In this figure the pdf curves of Figure 4( 
Effect of surface orientation
As mentioned above, about 26% of centreplane area is below areas of the vorticity surface that are facing nearly vertically for the unforced wake (about 21% for the forced wake). This means that substantial areas face in other directions, and therefore it is important to know whether surface orientation has any significant effects on interface properties.
Distributions of (w) for both wakes are shown in Figure 6( 
FmuRE 6. Effect of surface orientation on conditional averages of (a) vorticity magnitude and (b) passive scalar in the forced (with circles) and unforced (plain) Corresponding distributions of temperature (T) (a passive scalar) are shown in Figure 6ib) . The similarities and differences in the patterns of /w) and iT) are explained by the analysis in the Appendix. The sharp gradient at the interface and the constant value in the fully turbulent regime is consistent with generation of vorticity at the interface.
But the jump in iT), A/T ), the bulk movement of the interface at a speed Eb, and the absence of any local generation/destruction of temperature (heat), requires that there is an eddy flux of heat towards the interface Fo(t) equal to EbAIT).
Since Fo(t) _ -O(T)/Oy, this flux implies that there is a finite gradient of (T) on the turbulent side of the interface, as is observed.
Levels of / T) for the inner regions are much lower for the forced wake, and consequently the gradients up to the surface are steeper, which is quite significant because greater intermittency and especially the doubled volume of re-entrant fluid in the forced wake would tend to have the opposite effect. Apparently forcing has strengthened the ability of the large scale organized motion to transport fluid from one side of the wake to the other (recall that boundary conditions for T are 1.0 and 0.0 above and below the wake), which would be consistent with the fourfold increase in transverse velocity variance reported by Moser et al. (1998) . It is not as easy to explain the effect of forcing on the streamwise-and spanwise-facing curves just outside the detection point, where IT) almost reaches 1.0 in the unforced case but peaks around 0.98 with forcing. When T contours are superimposed on _ contours such as those in Figure  2 , one can see that T occasionally has non-free-stream values while w drops below C_, but such events are larger and occur more frequently in the forced wake. The cause may be related to the imperfect initial matching of T to the vortical fluid, as mentioned earlier.
Concluding this section, it should be noted that the vorticity surface is moving continuously, so that any differences at a particular point caused by surface orientation will in general be diminished by changes in orientation with time.
3.4. Defining the turbulent/non-turbulent interface Figure  6 shows that the modulus of vorticity and the mean gradient of temperature are approximately constant in the wake interior (also see Figure 3 ), which means that small-scale turbulence and the eddy diffusivity are fairly uniform across the wake up to the interface.
It also shows that the vortical fluid in the wake interior is separated from irrotational fluid in all principal directions by a layer of constant average thickness with strong gradients in vorticity and passive scalar. Across this layer, which differentiates the turbulent and the non-turbulent flow regions, there is a transition from free-stream irrotational fluid to well-mixed vortical fluid, and therefore this layer represents the turbulent/non-turbulent interface.
For the present flows, its thickness (about 6% to 8% of the wake halfwidth) is an order of magnitude larger than the Kolmogorov viscous scale, but several times smaller than the standard deviation of the height of its convolutions.
In fact its thickness is comparable to the Taylor microscale X, which is a possible option for an interface scale as discussed earlier. In the main body of the wake, (la)_[) is much greater than the mean shear.
Note that the small-scale turbulence is approximately isotropic, since the magnitudes of all vorticity components become similar. The distribution of (U) from which a(U)/Oy was calculated is shown in Figure  8 . The general picture is similar for spanwise-facing surfaces ( Figure  7b ), but here ( ances inside the wake continue to increase for some distance past the inner edge of the interface (unlike (a))), which is probably because larger-scale turbulent motions, which contribute strongly to velocity variances but not much to w, cannot be centred close to the surface.
Because this flow has mean shear, the streamwise variance is greater than the spanwise at all distances above and below the interface, even when the conditional mean is subtracted from fluctuations --these two variances would be identical in the absence of mean shear.
It is interesting to compare these results with the idealized theory of Carruthers & Hunt (1986) for the transition zone between homogeneous isotropic turbulence and irrotational fluctuations.
They assumed that the surface is essentially level, and that there is no mean velocity jump across the interface (i.e. A(U) = 0) and no mean shear. They showed that the velocity fluctuations are affected by the interface__over a__distance of order Lx on the turbulent__ side (predicting that v 2 decreases while u s and w2"_i.mcrease). Outside the interface v s decreases more slowly, as (y -yt) increases, than u s and w s (as Phillips (1955) also found). The latter is supported here by the conditional statistics, and also by the results of Antonia et al. (1987b) for a cylinder wake. However the former prediction is not applicable here because of the strong mean shear on the turbulent side. As for the previous case ( Figure  8 ), there is a rapid rise in (U) through the interface, which occurs in spite of the lack of mean shear in this direction (_(z) is constant). However, (V) is also significant in the present case, not only for its contribution O(V)/Oz to vorticity within the interface, but also for its negative values at the outer surface and beyond, which indicate that free-stream fluid moves down past the detected surface towards the wake centre. These spanwise-facing interfaces are mainly found on the sides of turbulent protrusions welling up into the free-stream, and fluid within the 
..j protrusions carries the velocity defect outwards from the centreplane; hence the contrast in (U) across the interface. The main effect of forcing the wake is to amplify the fluctuations and therefore the contortions of the interface (Figure 2) . For vertically-facing interfaces, Figure 10 displays (v 2) and (w 2) with and without forcing, and it can be seen that the increases differ substantially for different components. For (w 2) the increase is rather less than a factor of two, and even smaller for the irrotational fluctuations above the interface, but (v 2)
is quadrupled everywhere. The effect on (u 2) (not shown) is proportionally only a little greater than that on (w2). These changes are consistent with the effects of forcing on conventional variances found by Moser et aL (1998) . Because the forcing is primarily 
Effects of interface height and slope
From Figure  6 it appears that similarities between interfaces with different orientations are more noteworthy than differences, but orientation is only one of the criteria that might affect interface properties. Distance from the wake centreplane could be significant because, for example, the engulfment process cannot involve surfaces that are a long way out from the centreplane. Also, surfaces leaning upstream (facing partly towards the oncoming free stream) are in different surroundings from those facing partly downstream. These two aspects were examined in the following manner.
Results are presented only for the forced wake; the same effects were found (but not as strongly) in the unforced wake.
The set of detections of vertically-facing interfaces (as used above) was split into three groups of roughly equal size according to distance from the wake centreplane (h-value). The cutoff values for h were 0.72 and 0.92 (0.62 and 0.93) for the unforced (forced) wake, which may be loosely compared to the pdfs of Figure 4 (a) bearing in mind that all surfaces are included in the pdfs irrespective of angle. Some results for the inner and outer groups are shown in Figure  11 . Clearly there is no significant difference in (w) resulting from the split ( Figure  lla) Distributions of (U) and (V) for inner and outer groups in the forced wake are presented in Figure ll( Figure 12 ; results are similar, but less contrasted, for the unforced case. Only velocities are shown since iT) was little affected an d (w) was unchanged for these groups.
The upstream-leaning group has a fairly strong outwards (V), but unlike the outer group (Figure llb) its associated (U) is well below the free stream value both within and above the interface.
In other words, slow-moving vortical fluid is moving outwards here and has not yet been accelerated by interaction with the free stream fluid. Conversely, the fluid around the downstream-leaning interfaces is moving inwards, as for the previous inner group in Figure ll(b) , but at this point its streamwise velocity is above average instead of much below it.
As with the inner and outer groups, the effects of surface angle are related mainly to large scale motion. All four types of interface and their associated velocities could be related as shown in Figure  13 , where they form a general pattern of large-scale rotating regions. They repeat continuously, with variations of spacing, strength and scale, along both sides of the wake. Notice also that there is a tendency for irrotational fluid to force its way underneath the protrusions of vortical fluid, forming zones where the vorticity surface is re-entrant. This aspect is examined next. 
Re-entrant zones
In most places a vertical line passing right through the wake will intersect the vorticity surface twice only, but there are places (especially in the forced wake) where a line passes through more than one distinct vortical zone, intersecting the surface four or even six times (see Section 3.2 for statistics). Conceivably a patch of irrotational fluid could be entirely trapped within the wake, but usually the multiple intersections occur within a re-entrant zone as sketched in Figure  13 and readily identified in Figure  2 .
Detection of such zones is straightforward (Section 2.3), and results in sets of three Figure  14 What seems to be happening is that when the rotational structure depicted in Figure 13 is strong enough and acting for long enough, its inrush on the downstream side pushes irrotational fluid deep inside the body of the wake, stretching out the surrounding interface and carrying along the associated vortical fluid. In general a corresponding strong surge outwards occurs at the upstream side of the rotational structure, bulging and stretching the interface in that area too. Strong gradients within the re-entrant interface are maintained at least in part by the parallel stretching of the interface, given the absence of mean shear effects in this region. The re-entrant interface nearly always ends in a sharp cusp, the inevitable consequence of local entrainment, (i.e. interface advancement into the irrotational fluid normal to its own surface). Some aspects of interface stretching and renewal, and entrainment, are considered in the next two subsections.
Interface dynamics and the boundary entrainment rate
Results so far have shown that local properties of the interface, at least in a conditionally averaged sense, do not vary greatly for different orientations and positions of the interface. Also it is clear that the interface maintains its properties over time, while entraining fluid into the growing wake (the wake is self-similar with a constant growth rate --see Moser et al. (1998) for details). Therefore there must be some persistent mechanisms that maintain the interface in spite of diffusion and internal mixing processes that would tend to dilute its internal gradients and reduce its surface area. By inspection of individual instants of interfaces in the flow, aspects of interface structure can be investigated using the methods of critical point analysis. Sectional streamlines in flows around interface regions are shown in Figure 15 for part of an (x, y) plane in the forced wake and a (z,y) plane in the unforced wake. These particular realizations were chosen for their relative clarity, but they are not exceptional. Sectional streamlines are lines that are everywhere parallel to velocity vectors projected onto the given plane --see the review by Perry & Chong (1987) . Normally the plane of visualization is itself moving at a reference velocity typical of the fluid, so that streamlines In Figure  15(a), (x, y) A spanwise cut through the wake is shown in Figure 15(b) , with the frame of reference velocity (directly upwards) chosen to give a zero at the upper edge of the _ surface.
Fortuitously, in this view there are two protrusions rising with the same velocity, so stagnation points (saddles) appear on the tops of both. The protrusions are clearly the results of motion on a fairly large scale. Several critical points appear within the turbulent areas of the protrusions, associated with stable and unstable loci (nodes) and saddles on a smaller scale. As in the (x, y) plane, streams of rising vortical fluid and descending irrotational fluid meet at stagnation points and then accelerate away roughly parallel to the interface.
In the centre of the figure there appears to be a small bridge of older interface material that is being pushed into a deepening fissure.
In summary, cuts through the wake in both directions show how streams of vortical and irrotational fluid collide at the interface, stretch out along it, and drive its convoluted, Figure 16 for a small part of the unforced wake. The left-hand half of Figure  15 (b) is a cut through the protrusion in the middle of Figure 16 , but the velocity zero is placed on the upstream-facing surface in the latter case. Figure  15 gives a two-dimensional view of motion above and below the surface, while Figure  16 is a 'three-dimensional' view of the resulting flow patterns induced along the surface. The topological pattern here is an unstable node, for which fluid at the level of the surface spreads out in all directions. The convoluted nature of the surface can also be seen in this figure.
Other areas of the surface were explored, and various topological features were found including saddles and bifurcation lines, but unstable nodes seemed to have the strongest signature.
On the downstream side (not shown) of the protrusion in Figure 16 there is a weakly stable node that could indicate a separation point, but the velocity of the surface normal to itself may be more significant in that area.
Entrainment
Boundary entrainment may be thought of as an interface moving through a fluid with a velocity Eb normal to itself. This implies that vorticity (and likewise any passive scalar) advances into irrotational fluid through molecular diffusion (Corrsin & Kistler 1955 is presented in Figure 17 , inverted so that the curve is positive where the magnitude of wz is increasing (w_ is negative here). The interface thickness is delineated by vertical lines as in earlier figures. Figure  17 demonstrates that fluid right at the outer surface of the interface is undergoing the most rapid increase in the magnitude of spanwise vorticity by diffusion, and at -0.05b, within the interface thickness, fluid is losing spanwise vorticity (by diffusion) even more rapidly. Thus viscous action at the surface is expanding the volume of vortical fluid but also depleting the vorticity of nearby regions. Flows within the vortical regions (e.g. Figure 15 ) replenish vorticity near the surface, and consequently the position of maximum vorticity loss by diffusion coincides very closely with the peak in O(U)/Oy (Figure 7a ). Diffusion of streamwise vorticity is also likely to be significant at vertically-facing interfaces, but cannot be assessed through the present set of detections because wz is equally likely to be positive or negative by symmetry. where Cv has the standard value of 0.09 (Cazalbou, Spalart & Bradshaw 1994) .
In Figure 18 (a) the kinetic energy of the fluctuations (k) relative to the conditional mean velocity (U) (see discussion of (u 2) curves in Figure 8 ) is plotted as a function of (y -Yt), i.e. relative to the interface position, and shown as a dashed line. In the non-turbulent region (y > YI) these fluctuations are irrotational and do not produce any Reynolds stress (i.e. (-uv) _ 0). Even in the turbulent region (y < YI) additional irrotational fluctuations are induced by the presence of the interface, to ensure that the normal velocity and pressure are continuous across the interface (Carruthers & Hunt 1986) . The contribution of these fluctuations (I¢) needs to be subtracted from (k) in order to estimate the dynamically significant, rotationally driven component (k)t in the turbulent region. Thus where, following Carruthers & Hunt (1986) , (/c) = (k) for y > Yt, and
for at least the thickness of the interface below Yr. The curve of (k)t is also plotted on Figure 18(a) . The conditionally sampled curve of local dissipation rate (e), plotted in J. C. R. Hunt and M. M. Rogers Figure  18 (b), shows a sharp cutoff at the interface. The curve continues to rise for a little distance inside the interface, unlike that of (_) which immediately levels off. This is the region where O(U)/Oy makes a large contribution to (_) ( Figure  7) .
A model for the conditional eddy viscosity (ut) can be estimated as in fully developed turbulent flow, i.e.
(k)_ (4.
3)
The result, plotted in Figure 18( A more specific theory is needed to account for the inhomogeneous production of turbulent energy in the turbulent region near the interface. Also the highly indented form of the interface leads to straining motions that anisotropically distort the small-scale turbulence. Both these effects could perhaps be modelled using rapid distortion theory applied to the conditional flow field in the turbulent region. Also there are similarities in these mechanisms with the energy production 'balances' derived from conditional sampling measurements in the large eddies of mixing layers, wakes etc. (Hussain 1986 , Antonia et al. 1987a ). An interesting conclusion to be drawn from these measurements and the theoretical model of the interface is that the intermittent zone between between turbulent and nonturbulent motion is likely to be less energetic and more diffuse for flows with lower mean shear across the interface and/or a lower boundary entrainment rate (i.e. as AU/Uo and Eb/Uo decrease). The former occurs in the diffusion of turbulent puffs or plumes with no internal mean motion (e.g. Townsend (1976) These are (i) the mean outward velocity, or 'boundary entrainment velocity' Eb of a thin interface with thickness tt (which is small compared to the shear layer width L). Its centreline (based on a local average of its properties) is located at y = 9)(x, z, t*) where t" is the time. Noting that the mean streamwise velocity is approximately equal to the freestream velocity U1, Eb is defined as an ensemble average over the interface, i.e. The contribution to these local integrals from the streamwise gradient (UI -U)O(T)/Ox is negligible. Thence from (A1-A4), a dimensionless entrainment thermal flux ratio can be derived, linking the entrainment velocity, mean transverse velocity, turbulent flux Fo(t) and temperature jump, i.e.
Eb=
--
Eb --(V)l (A 5) E0 = _ 1 Fo(t)/ A(T) Furthermore, by estimating Fo(t) in terms of a local eddy thermal diifusivity n(t)(y-y)) that may vary in strength with distance (y -y'_) from the interface, we can derive a relation between the mean gradient of temperature in the turbulent region (O(T)/Oy)(t) and the step change A(T) across the interface. Firstly
Usually n0(t), even in complex flows, is of the order of the product of the rms velocity fluctuation u: and the integral length scale Lx, which in these wakes are of order Eb and L, so that no(t) ._ )_EbL (A 7)
where the coefficient )_ is of order unity but usually varies with (y -y'_). If (V)I is significant, (AT) needs to be corrected as in (AS). Combining (A5-AT) shows that (a(T)/ay)(t) _ 1 -_ 1 (A 8) A(T)/L Eo)_,, which explains why, as our numerical simulations (and others) show, the jump in a scalar A(T) at the edge of a spreading turbulent region is of the same order as the change of the mean scalar in the turbulent region over a distance of the order of one integral scale or the width, whichever is the smaller (i.e. LxV(T)t or LV(T)t). 
A.2. Mean streamwise velocity
